Objective-We comprehensively examined the rare variants in the IPO11-HTR1A region to explore their roles in neuropsychiatric disorders.
Introduction
5-hydroxytryptamine (serotonin) receptor 1A gene (HTR1A) encodes the 5-HT1A receptor that binds the endogenous neurotransmitter serotonin. This receptor is a G protein-coupled receptor (GPCR). GPCR is coupled to Gi/Go and mediates inhibitory neurotransmission. In the human central nervous system, 5-HT1A receptors have been found in the cerebral cortex, hippocampus, amygdala, septum and raphe nucleus in high densities. The activation of 5-HT1A receptor may increase dopamine release in the medial prefrontal cortex, striatum, and hippocampus. This dopamine release may inhibit the release of glutamate and acetylcholine in various areas of the brain, and thus may impair cognition, learning, and memory. This release may also increase impulsivity and inhibition of human behaviors. Therefore, the activation of 5-HT1A receptor is likely to be related to the development of neuropsychiatric diseases. Using the candidate gene approach, HTR1A at 5q11.2-q13 has been associated with numerous neuropsychiatric disorders and related traits in human, including antidepressant response (citalopram, fluvoxamine, fluoxetine, sertraline and paroxetine) [Arias et al., 2005; Lemonde et al., 2004; Serretti et al., 2004; Suzuki et al., 2004; Villafuerte et al., 2009; Yevtushenko et al., 2010; Yu et al., 2006] , antipsychotic drug response [Reynolds et al., 2006] , anxiety-and depression-related personality traits [Schmitz et al., 2009; Strobel et al., 2003] , impulsivity [Benko et al., 2010] , depression [Anttila et al., 2007; Chen et al., 2004; Haenisch et al., 2009; Kraus et al., 2007] , schizophrenia, substance use disorder, panic attack [Huang et al., 2004] , alcoholism [Lee et al., 2009; Wojnar et al., 2006] , and migraineurs [Marziniak et al., 2007] . However, HTR1A is a small gene (1,269bp) with only one exon. Only 110 variants have been detected within the open reading frame (ORF) of this gene so far (see NCBI dbSNP), which leads to a hypothesis that its associations with the neuropsychiatric disorders might be driven by the variants from the flanking regions.
This recent GWAS used the common variants as markers, as did the aforementioned candidate gene studies. However, in recent years, an increasing number of human diseases appear to be caused by constellations of multiple rare, regionally concentrated, variants, rather than by common variants, and the synthetic effects of region-wide rare variant constellations on diseases might be more significant than individual rare variants in some cases. So far, the hypothesis that rare variants in this intergenic region, in the entire IPO11-HTR1A region (including IPO11, intergenic region and HTR1A) or even in the extended flanking regions might be associated with neuropsychiatric disorders has never been tested. In the present study, we aimed to test the associations between rare variants (MAF < 0.05) across the entire IPO11-HTR1A region and 11 neuropsychiatric disorders including attention deficit hyperactivity disorder (ADHD), schizophrenia, AD+ND, autism, major depression, bipolar disorder, Alzheimer's disease, amyotrophic lateral sclerosis (ALS), early onset stroke, ischemic stroke, and Parkinson's disease. These disorders were all hypothesized to be related to serotoninergic system, and the data on these disorders were all of those with neuropsychiatric disorders available for our analysis from the dbGaP database at the moment of analysis (http://www.ncbi.nlm.nih.gov/gap/). Furthermore, after the specific disorder(s) that was associated with this region was identified, we also extended this region to a larger flanking region to explore the associations of rare variants with that specific disorder(s).
Materials and Methods

Subjects
A total of 49,268 subjects in 21 independent cohorts with 11 different neuropsychiatric disorders were analyzed (Table I) . These 21 cohorts included case-control and family-based samples, genotyped on Illumina, Affymetrix or PERLEGEN microarray platforms (Table I) . More detailed demographic information for these samples has been published elsewhere [Zuo et al., 2013b] .
In particular, the sample with ADHD was the same one used previously, whose demographic data have been described in details before [Brookes et al., 2006] . This sample was genotyped on the PERLEGEN platform (599,171 markers). In brief, 922 parent-child trios (totally 2,757 subjects with 924 ADHD children) from the International Multisite ADHD Genetics (IMAGE) project were included. Children in this study were between the ages of 6 and 17 years old. One or more sibling(s) in the same age range was included. Both parents or one parent plus two or more siblings were available to provide DNA samples. Each child's IQ was above 70. They were free of single-gene disorders known to be associated with ADHD (e.g. fragile-X, phenylketonuria, hypercalcaemia, thyroid hormone resistance), and free of neurological disease and damage (e.g. hemiplegia and other cerebral palsies, epilepsy, hydrocephalus, post-encephalitic syndromes, psychosis, sensorimotor handicaps). They were diagnosed using DSM-IV criteria and did not meet the criteria for autism or Asperger's syndrome.
Imputation
To make the genetic marker sets consistent across different cohorts, we imputed the untyped SNPs across the entire IPO11-HTR1A region using the same reference panels that included the rare variants from whole-genome sequencing data. This entire IPO11-HTR1A region started from the transcript start site (TSS) of IPO11 to the TSS of HTR1A at Chr5: 61, 708, 257, 546 (Build 37) , including the ORFs of IPO11 and HTR1A and the intergenic region between them. We used the following strategies to maximize the success rate and accuracy of imputation. (1) We used both 1,000 Genome Project and HapMap 3 genotype panels as references, and separated the European and African ethnicities during the imputation processes. Only the genotypes that were consistently imputed from these two independent reference panels were selected for analysis. (2) We used a Markov Chain Monte Carlo (MCMC) algorithm implemented in the program IMPUTE2 [Howie et al., 2009 ] to derive full posterior probabilities (i.e., not the "best-guess") of the genotypes of each SNP to minimize the inference bias. (3) We set the imputation parameters at burnin=10,000, iteration=10,000, k=100, Ne=11,500 and confidence level=0.99 when using IMPUTE2 [Howie et al., 2009] ; that is, the uncertainty rate of inference was less than 1%. (4) Within the same ethnicity, we merged the following types of datasets during imputation process, in order to increase sample sizes and marker density for imputation: a) the cases and controls were merged if they were paired within the same study; b) the different panels of array data were merged if they were genotyped in the same subjects; and c) the separate samples were merged if they had the same phenotype and were genotyped on the same microarray platform. (5) Because the imputation process using IMPUTE2 did not incorporate the family relationship information, Mendelian errors might occur in the imputed data. Thus, the families with at least one individual who had more than 0.5% Mendel errors (considering all SNPs tested) and the SNPs with more than 0.5% Mendel errors (considering all individuals tested) were excluded. Meanwhile, we also used the program BEAGLE [Browning and Browning 2009 ] to impute genotypes independently. The imputation process using BEAGLE does incorporate the family relationship information. Only the genotypes that were consistently imputed by both IMPUTE2 and BEAGLE were selected for analysis. And (6) we stringently cleaned the imputed genotype data after imputation (see below). Furthermore, only the SNPs that had similar minor allele frequencies (with frequency difference < 0.2%) in the healthy controls across different cohorts and HapMap database (within the same ethnicity) were selected for analysis. After this strict selection, we were highly confident with the quality of these imputed genotype data. Finally, for SNPs that were directly genotyped, we used the direct genotypes rather than the imputed. To prevent the loss of the originally-genotyped SNPs during the process of imputation, which might happen sometimes, we also performed regular association analysis on the original unimputed but cleaned genotype data, and then we merged these results back into those generated after imputation (this step was missed in a previous GWAS using the same samples [Zuo et al., 2013a] ).
Data cleaning
We stringently cleaned the phenotype and genotype data within each ethnicity before association analysis (detailed previously [Zuo et al., 2012] ). Subjects with poor genotypic data, allele discordance, sample relatedness, missing race, non-European and non-African ethnicity, a mismatch between self-identified and genetically-inferred ethnicity, or a missing genotype call rate ≥2% across all SNPs were filtered out. Furthermore, we excluded monomorphic SNPs and SNPs with allele discordance, Mendelian errors (in family samples), or an overall missing genotype call rate ≥2%. We also filtered out the SNPs with MAF differences ≥ 2% or missing rate differences ≥ 2% between two cohorts that had the same ethnicity, phenotype and microarray platform. The SNPs with MAF=0 in either cases or controls were excluded, because it could not be determined if they were missed during the imputation process or truly non-polymorphic in nature in some disease groups. Finally, only a total of 573-1181 (in subjects of European descent) and 1234-2529 (in subjects of African descent) SNPs with 0<MAF<0.05 in either cases or controls were extracted for association analysis. The diagnoses, dataset names, ethnicities, study designs, cleaned sample sizes, and cleaned SNP numbers of all cohorts are shown in Table I .
Association tests for region-wide rare variant constellations
Associations between rare variant constellations and diseases were tested using a score-type program, SCORE-Seq [Lin and Tang 2011] . The mutation information was aggregated by virtue of a weighted linear combination across all rare variants of the entire IPO11-HTR1A region or across each sub-region within IPO11-HTR1A region (i.e., IPO11, HTR1A and intergenic region), and then related to disease phenotypes using regression models. Sex, age, smoking and the first 10 principal components served as the covariates in the regression models. The principal component scores of our samples were derived from all autosomal SNPs across the genome using principal component analysis (PCA) implemented in the software package EIGENSTRAT [Price et al., 2006] . Each individual received scores on each principal component. These principal components reflected the population structure of our samples. The first principal component (PC1) separated the self-identified EuropeanAmerican and African-American subjects very well. Other principal components also accounted for small fractions of the total variance. The first 10 principal component scores accounted for >95% of variation. These PCs serving as covariates in the regression model can control for the population stratification and admixture effects on association analysis. For the regression analysis of those non-alcoholism disorders, alcohol drinking was also included as a covariate. Two types of tests, i.e., T5 and Fp, were performed to derive the overall p values. (1) In the T5 test, the weight was fixed at 1. (2) In the Fp tests, the weight was 1/sqrt(p(1-p)) where p was the estimated MAF with pseudo counts in the pooled sample. Statistical significance was assessed by using one million times of permutation. All association analyses were performed within the same ethnicity.
Association tests for individual rare variants
For case-control samples, the allele frequencies of each SNP were compared between cases and controls using logistic regression analysis as implemented in PLINK [Purcell et al., 2007] . Diagnosis served as the dependent variable, alleles served as the independent variables, and sex, age, alcohol drinking (for non-alcoholism cohorts only), smoking and the first 10 principal components served as the covariates. For family samples, we tested the allele-disease associations using the program FBAT [Horvath et al., 2001] , adjusting for covariates and assuming an additive genetic model under the null hypothesis of no linkage and no association, biallelic mode, minimum number of informative families of 10 for each analysis and offset of zero. These family-based association tests avoided confounding effects from population stratification or admixture [Laird et al., 2000] . Different cohorts were analyzed independently. The MAFs and p values of the most significant risk SNPs and the numbers of the nominally-significant risk SNPs (p<0.05) in all cohorts are shown in Table I .
Correction for multiple testing in single-point association tests
The experiment-wide significance levels (α) were corrected for the number of cohorts (i.e., n=21) and the numbers of effective markers that were calculated by the Bonferroni-type program SNPSpD [Li and Ji 2005] that takes the linkage disequilibrium (LD) structure into account. Approximately 200-300 effective SNPs captured most of the information content of all rare variants across the entire IPO11-HTR1A region in these cohorts. Thus, the corrected significance levels (α) for single-point association tests were set at 7.9×10 −6 -1.2×10 −5 . In particular, α was set at 8.4×10 −6 for ADHD cohort and 1.1×10 −5 for schizophrenia cohort (MGS_nonGAIN). The numbers of the statistically-significant (i.e., p<α) risk SNPs in all cohorts are shown in Table I . The false discovery rate (FDR) (q value) for each SNP was estimated from the p values within each cohort using the R package QVALUE [Storey and Tibshirani 2003] .
Association tests in the extended KIF2A-ERBB2IP region
After the specific disorder (here ADHD) that was associated with the IPO11-HTR1A region was identified, we further extended the IPO11-HTR1A region toward both 3' and 5' ends to a larger region, i.e. the KIF2A-ERBB2IP region, to explore the roles of the SNPs at the IPO11-HTR1A flanking region in this disease. This extended region harbors KIF2A-DIMT1L-IPO11-HTR1A-RNF180-RGS7BP-SREK1IP1-CWC27-ADAMTS6-CENPK-PPWD1-TRIM23-C5of44-SGTB-NLN-ERBB2IP, starting from chr5:61,637,745 to 65,412,606 (Table II and Figure 1 ). The syntenic Kif2a-Erbb2ip region in mouse and rat extended the Ipo11-Htr1a region about 0.5Mb from both ends (see below and the Supplemental Table SI ). The imputation, data cleaning, association tests for rare variant constellations, association tests for individual rare variants and correction for multiple testing in this extended region were the same as the above.
Cis-acting expression of quantitative trait locus (cis-eQTL) analysis on all available SNPs in the IPO11-HTR1A region in two primary human cells
To examine whether the SNPs in the IPO11-HTR1A region influence the gene expression of IPO11 and HTR1A, we tested the associations between the genotypes and the exon-level expression changes of these two genes in two European samples (Table III) . Expression data of these two genes in 93 autopsy-collected frontal cortical brain tissue samples with no defined neuropsychiatric condition and 80 peripheral blood mononuclear cell (PBMC) samples collected from living healthy donors were evaluated [Heinzen et al., 2008] . The expression data were evaluated using Affymetrix Human ST 1.0 exon arrays and were confirmed by quantitative RT-PCR. Forty-one SNPs within or around IPO11 and 24 SNPs within or around HTR1A were genotyped in these samples. The SNP-expression associations were analyzed using a linear regression model by correcting for age, sex and source of tissues. The cis-eQTL analysis served as a validation for the SNP-disease association findings.
Expression of the syntenic transcripts in mouse and rat brains and genome-wide eQTL analysis of these transcripts in mouse brain
We generated the expression data across the LXS and HXB/BXH RI panels in mouse using Affymetrix Exon Arrays and the expression data across the BN-Lx/CubPrin panels in rat using RNA-Seq technology, and then analyzed the transcripts syntenic to all genes within the human KIF2A-ERBB2IP genomic region. We identified 19 syntenic transcripts that coded protein (Table IV) . For both mouse and rat, we collapsed the exon-level probes and reported results on the transcript level (i.e., the integration of exon-level probes was used to define a "core" transcript). We ascertained the level of expression in mouse and rat brains of these syntenic transcripts. We also identified the loci across the mouse genome that regulated the expression level of each syntenic transcript (eQTL analysis). A Lod score above 3 indicates a significant regulation. Furthermore, we analyzed the expression of noncoding RNAs (ncRNAs) within the syntenic Ipo11-Htr1a regions in rat. We reported the number of reads and FPKM (Reads Per Kilobase of exon model per Million mapped reads) values to reflect the level of transcript abundance of these ncRNAs. A FPKM value above 5 indicates that transcript is present in brain.
Results
Rare variant constellation across the entire IPO11-HTR1A region was associated with ADHD in Caucasians (T5: p=7.9×10 −31 ; Fp: p=1.3×10 −32 ). When testing the rare variant constellations within each sub-region, the variant constellations within IPO11 (T5:
p=3.6×10 −10 ; Fp: p=3.2×10 −10 ), the intergenic region (T5: p=4.1×10 −30 ; Fp: p=5.4×10 −32 ) and the "significant region" (T5: p=4.0×10 −17 ; Fp: p=1.1×10 −17 ) were highly significantly associated with ADHD. Only one rare variant (rs6294) in HTR1A was studied and it was not significantly associated with ADHD (Table II) . When extending to the KIF2A-ERBB2IP region, the rare variant constellation within RNF180 was modestly associated with ADHD (T5: p=0.034; Fp: p=8.8×10 −3 ). No rare variant constellation across the IPO11-HTR1A region was significantly associated with any other disorder examined, e.g., schizophrenia (MGS_nonGAIN) in European-Americans (for entire region: T5: p=0.638; Fp: p=0.733; for IPO11: T5: p=0.559; Fp: p=0.824; for intergenic region: T5: p=0.658; Fp: p=0.738).
Single-point association analysis showed that among a total of 1,143 individual rare variants in Caucasians, 64 SNPs were nominally associated with ADHD (p<0.05). The association of rs10042956 with ADHD was significant (p=5.2×10 −6 ) after region-and cohort-wide correction (α=8.4×10 −6 ) or FDR correction (q=0.006) (Tables I and III) . This intergenic marker is located in the middle of the "significant risk region" (Figure 1 ). When extending to the KIF2A-ERBB2IP region, an association of rs114984365 with ADHD was significant (p=1.6×10 −5 ) after region-wide correction (α=1.7×10 −4 ) or FDR correction (q=0.017) ( Table  V) . This rs114984365 was located between CWC27 and ADAMTS6. We noted that minor alleles of rare risk variants were protective alleles for ADHD (OR<1) ( Table V) . No significant individual rare variant was associated with any other disease examined after correction. For example, among a total of 735 individual rare variants in EuropeanAmericans, 29 SNPs were nominally associated with schizophrenia (MGS_nonGAIN) (p<0.05). The associations of two variants (p=3.2×10 −5 for rs13178180 and p=4.7×10 −5 for rs66582641) with schizophrenia were suggestive but not significant after region-and cohortwide correction (α=1.1×10 −5 ) ( Table I) .
Cis-eQTL analysis in human cells showed that, among the 41 SNPs within or around IPO11, 39 had nominal regulatory effects on IPO11 exon expression (1.5×10 −17 ≤p<0.05) in brain or PBMC; 29 had significant regulatory effects on IPO11 exon expression after correction for multiple testing (α=0.002=0.05/31 where "31" is the number of exons in IPO11). Most of these associations were well replicable between brain tissue and PBMC (Table III) . However, no SNPs within or around HTR1A had significant regulatory effects on HTR1A mRNA expression (p>0.05; data not shown).
The range of the IPO11-HTR1A region in human, the ranges of its syntenic Ipo11-Htr1a regions in mouse and rat, and their extended ranges we explored are presented in the Supplemental Table SI. In these extended syntenic regions, we found 19 protein coding transcripts; all of them were expressed in mouse brain, and six of them showed detectable level of expression in rat brain, including Rnf180 (FPKM=9.5), Rgs7bp (FPKM=13.5), Srek1ip1 (FPKM=6.8), Trim23 (FPKM=5.7), C5orf44 (FPKM=7.7) and Sgtb (FPKM=16.6). Two loci on mouse chr13 significantly cis-controlled the expression of Ppwd1 (peak marker: rs29631328, LOD=23.9, p<0.001), Sgtb (peak marker: rs29631328, LOD=8.0, p<0.001) and Erbb2ip (peak marker: rs51663211, LOD=4.0, p=0.025), respectively, and three other loci significantly trans-controlled the expression of 4933425L06Rik (peak marker: rs4186276 on chr16, LOD=3.6, p=0.050), Fam159b (peak marker: rs31760078 on chr7, LOD=3.5, p=0.046) and Adamts6 (peak marker: rs29121906 on chrX, LOD=3.9, p=0.019), respectively (Table IV) . Furthermore, the ncRNAs within the syntenic Ipo11-Htr1a regions we detected in rat brain are illustrated in the Supplemental Figure S1 and listed in details in the Supplemental Table SII. Ninteen known ncRNAs (Table  SIIa) and 27 novel ncRNAs (Table SIIb) in this region were detected in the rat brain (FPKM>6), but nine other known ncRNAs (Table SIIc) were not.
Discussion
We found that rare IPO11-HTR1A variants conferred risk for ADHD in Caucasians, and the association signals mainly came from the intergenic region and IPO11, which was supported by both rare variant constellation analysis and individual rare variant analysis. The most significant risk variant for ADHD was located in the "significant region" that was previously identified as a significant risk region for AD+ND in subjects of European descent using common variant marker set [Zuo et al., 2013a] . The rare variants in this IPO11-HTR1A region had no significant association with any other neuropsychiatric disorder examined, although the same set of markers was explored. The variants in this region might influence the risk for diseases via regulating transcription of the causal variant(s), which was supported by our cis-eQTL findings.
Our study provided an additional example to support the hypothesis that the region-wide rare variant constellations could have synthetic effects on diseases. The synthetic effects of region-wide rare variant constellations across IPO11-HTR1A locus on ADHD were much more significant than the effects of individual rare variants (p=10 −31 vs. 10 −6 ), and the specificity of variant-disease associations to ADHD became much more apparent when using the synthetic effect analysis (p=10 −31 for ADHD vs. p>0.05 for other diseases) than using the individual effect analysis (p=10 −6 for ADHD vs. p=10 −5 for schizophrenia). Thus, rare variant constellation analysis could play an important role in the association studies.
Common variants in the IPO11-HTR1A region were significantly associated with AD+ND at genome-wide significance level (α=5×10 −8 ), but not with ADHD (minimal p=2.8×10 −4 > α) [Zuo et al., 2013a] . Rare variant constellations were only significantly associated with ADHD, but not AD+ND. These findings might reflect the difference between these two diseases and the different roles of common variants and rare variants in diseases. However, both most significant risk SNPs [i.e., rare variant rs10042956 for ADHD (p=5.2×10 −6 ) and common variant rs7445832 for AD+ND (p=6.2×10 −9 )] were closely located in the same "significant region" (Figure 1 ), which might suggest that ADHD and AD+ND share sources of genetic liability. This genetic commonality may underlie high rate of comorbidity of ADHD and AD+ND. It has been reported that 32% of patients with a substance use disorder met the criteria for ADHD [Clure et al., 1999; Ohlmeier et al., 2007] , and 50% of individuals with continuing ADHD symptoms in adults showed symptoms of substance abuse [Ohlmeier et al., 2007; Sullivan and Rudnik-Levin 2001] . There is also a greater likelihood of adolescents with ADHD developing an addiction to cigarettes compared to adolescents without ADHD [Milberger et al., 1997; Ohlmeier et al., 2007; Pomerleau et al., 1995; Wilens 2004] .
We found that the association signals of rare variants for ADHD mainly came from the intergenic region between IPO11 and HTR1A, which might be related to the roles of noncoding RNAs (ncRNAs) existing within this intergenic region. We detected tens of ncRNAs (mainly tRNAs) in this region in rat. Two large intergenic non-coding RNAs (lincRNAs), i.e., TCONS_l2_00022340 (530bp) and TCONS_00010357 (3,914bp), a U5 snRNA (46bp) and an Y_RNA (106bp) were also previously reported in this region in human (see UCSC genome browser). TCONS_l2_00022340, U5 snRNA and Y_RNA are all located in the "significant region", close to the two peak association markers for ADHD and AD+ND (Figure 1 ). TCONS_00010357 is located closely to the 3' of HTR1A (Figure 1 ). Recent evidence suggests that ncRNAs play an important and dynamic role in transcriptional regulation, epigenetic signaling, stress response, and plasticity in the nervous system. Dysregulation of ncRNAs are thought to contribute to many, and perhaps all, neuropsychiatric disorders, including ADHD and drug addiction [Sartor et al., 2012] . Additionally, both U5 snRNA and Y_RNA are a part of ribonucleoprotein (RNP) complexes, including spliceosome complexes, and they may be important in determining the translated isoforms of many protein coding transcripts in brain [Kershaw et al., 2009; Sim and Wolin 2011] . The Y-RNAs have also been recently identified as part of the quality control process for other ncRNAs, including snRNAs [Chen et al., 2003; Langley et al., 2010] . Variations in the U5 snRNA and/or Y_RNA may affect the expression of the isoforms.
The association signals of rare variants for ADHD also came from IPO11. IPO11 is a gene flanking to 3' of HTR1A. It encodes the importin 11 that is a member of the karyopherin/ importin-beta family of transport receptors. This receptor mediates the nuclear import of ubiquitin-conjugating enzyme E2E3 (UBE2E3) [Plafker and Macara 2000] . Ubiquitinconjugating enzyme may ligate small ubiquitin-related modifier to target proteins in brain, resulting in changes of their localization, activity, or stability. In the present study, we found most markers within or around IPO11 had significant cis-acting regulatory effects on IPO11 mRNA expression both in the human brain and PBMC tissues. Ipo11 was also found to express in mouse brain. Thus, IPO11 might play important roles in neuropsychiatric disorders. Our study is the first time to detect the association between this gene and ADHD.
However, as expected, the association signals for ADHD did not come from HTR1A. HTR1A is a small gene with only one rare variant included in this study. We did not find significant or functional SNPs within or around human HTR1A in the present study, and the expression level of Htr1a in rat brain was found to be low (FPKM=3.3). Our findings may suggest that its associations with the neuropsychiatric disorders reported before might be driven by variants (1) in the flanking intergenic region, in which several ncRNAs existed, (2) in the flanking gene IPO11, in which the variant-disease association signals and the functional (i.e., cis-QTL) signals were much more significant than HTR1A, or (3) in other flanking genes like RNF180, CWC27 and ADAMTS6.
RNF180 encodes ring finger protein 180 and is a gene flanking to 5' of HTR1A. A rare variant constellation across RNF180 was modestly associated with ADHD. This gene was also found to be expressed in human [Ogawa et al., 2008] , mouse and rat brains (particularly in the ventricular layer of the cerebral cortex at embryonic stages [Ogawa et al., 2008] ). RNF180 protein is a membrane-bound E3 ubiquitin-protein ligase. E3 ubiquitin-protein ligase may promote polyubiquitination and degradation of target proteins (e.g., dopamine D4 receptor in brain [Rondou et al., 2008] ) by the proteasome pathway of ZIC2, and thus might play roles in neuropsychiatric disorders.
CWC27 is a spliceosome-associated protein homolog gene and is flanking to 3' of ADAMTS6 (ADAM metallopeptidase with thrombospondin type 1 motif, 6). One rare variant between CWC27 and ADAMTS6 was significantly associated with ADHD. These two genes were also found to be expressed in human and mouse brains, and expression of Adamts6 was significantly trans-controlled by a locus on chrX. The pathophysiological mechanism of how these two genes are involved in ADHD warrants further investigation. RGS7BP encodes regulator of G-protein signaling 7 binding protein and is a gene flanking to 3' of RNF180. This gene was also found to be expressed in human, mouse and rat brains [Gold et al., 1997; Larminie et al., 2004] . RGS7BP protein is a regulator of G proteincoupled receptor (GPCR) signaling. It controls the proteolytic stability of R7 proteins, probably by protecting them from degradation. When it is palmitoylated, RGS7BP initiates the activation of GPCRs, e.g, dopamine, epinephrine, norepinephrine, histamine, and glutamate receptors, etc., which contribute to the development of neuropsychiatric disorders. However, we did not detect significant association between RGS7BP and ADHD in human in the present study. Zuo et al. Page 10 Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2016 April 30.
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Three other genes, including Erbb2 interacting protein gene (Erbb2ip), Sgtb and Ppwd1, showed differential expression in mouse brain, and their levels of expression were also significantly cis-controlled from the same region. These strong cis-eQTLs usually can be extrapolated across organs and species, as we confirmed that Sgtb was detected and Erbb2ip was near the detection limit in rat brain. These strong cis-eQTLs are indicators of the locations of the control sequences for transcription of their transcripts. In particular, Erbin is a receptor of neuregulin. It is a scaffolding protein recently shown to be important in clustering of nicotinic cholinergic receptors and, thus, influencing their signaling properties (level of depolarization, etc.) [Simeone et al., 2010] . These nicotinic cholinergic receptors have been related to ADHD [Potter et al., 2006] and nicotine/alcohol dependence. Nicotinic receptor agonists, in general, have been linked to attention and cognition in several mental disorders, including ADHD [Wilens and Decker 2007] , schizophrenia, dementia, etc. However, we did not detect significant association between these three genes and ADHD in human in the present study. They warrant further studies in other independent samples.
This study has some limitations. The imputed genotypes were not directly observed from the molecular experiment, although we have high confidence with them after data cleaning. This warrants verification by direct sequencing of our samples in the future, which is out of the scope of the current study. Additionally, stringent cleaning process deleted many rare variants, so that not all rare variants within the candidate region were incorporated in the rare variant constellations. These rare variants can be filled in by direct sequencing in the future, which is out of the scope of the current study too. Finally, not all neuropsychiatric disorders and related traits were exhaustively examined in the present study; and thus, we do not completely exclude the possibility that other neuropsychiatric disorders not examined might share this risk genomic region with ADHD and AD+ND.
Supplemental Figure S1 . Non-coding RNA expression within the syntenic Ipo11-Htr1a region in rat brain [This is the syntenic Ipo11-Htr1a region (chr2:36,434,518-38,109,822) in UCSC Genome Browser on Rat Nov. 2004 (Baylor 3.4/rn4) Assembly. The top track, Unannotated Expressed Regions track, indicates contiguous regions for which we showed RPKM > 6 and which were not explained by either known ncRNA or protein-coding exons. The middle track, Expressed ncRNA track, shows known ncRNA that had expression in rat brain. The bottom track, Known ncRNA Not Expressed track, indicates known ncRNAs for which no expression was detected in our samples]
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Refer to Web version on PubMed Central for supplementary material. Only the most significant rare risk markers are listed. The significance level (α) is corrected for the numbers of effective genetic markers (calculated by SNPSpD) and the number of cohorts (i.e., 21). ADHD, Attention deficit hyperactivity disorder; AD+ND, alcohol and nicotine co-dependence; ALS, Amyotrophic Lateral Sclerosis. "Sig. Region", a significant risk region for alcohol and nicotine codependence identified previously. N, sample size; MAF, minor allele frequency; AA, African-American; EA, European-American; EAu, European-Australian; CA, Caucasian; CC, case-control design; Fam, family-based design. Dataset names correspond to dbGaP. In family-based cohorts, N= sample size of offspring; "affected MAF"="transmitted MAF", "unaffected MAF"="untransmitted MAF" in offspring.
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